RNA interference (RNAi)-mediated knockdown of gene expression offers a novel treatment strategy for human immunodeficiency virus (HIV) infection. However, the major hurdle for clinical use is a practical strategy for small interfering RNA (siRNA) delivery to the multiple immune cell types important in viral pathogenesis. We have developed a novel immunoliposome method targeting the lymphocyte function-associated antigen-1 (LFA-1) integrin expressed on all leukocytes and evaluated it for systemic delivery of siRNA in a humanized mouse model. We show that in vivo administration of the LFA-1 integrin-targeted and stabilized nanoparticles (LFA-1 I-tsNPs) results in selective uptake of siRNA by T cells and macrophages, the prime targets of HIV. Further, in vivo administration of anti-CCR5 siRNA/LFA-1 I-tsNPs resulted in leukocyte-specific gene silencing that was sustained for 10 days. Finally, humanized mice challenged with HIV after anti-CCR5 siRNA treatment showed enhanced resistance to infection as assessed by the reduction in plasma viral load and disease-associated CD4 T-cell loss. This study demonstrates the potential in vivo applicability of LFA-1-directed siRNA delivery as anti-HIV prophylaxis.
IntroductIon
Sequence-specific gene silencing by RNA interference (RNAi) is being explored as a novel therapeutic strategy in a variety of diseases. 1 Despite the availability of highly active antiretroviral therapy, there is a particularly strong interest in developing RNAi as a therapeutic option for human immunodeficiency virus (HIV) because of the significant practical problems such as toxicity and development of drug resistance associated with lifelong treatment.
A number of studies have demonstrated the potential of RNAi targeting cellular receptor/co-receptors and viral genes to inhibit HIV replication in vitro. [2] [3] [4] However, an effective delivery system to target relevant cells in vivo will have to be developed for exploiting the technology for antiviral therapy. 3, 5 Recently, cell-surface receptor-specific ligands attached to positively charged proteins or peptides that bind to small interfering RNA (siRNA) by charge interaction have been used for in vivo delivery of siRNA to immune cells. 3, 5, 6 We have shown that a single chain antibody directed at the pan-T-cell surface molecule CD7 conjugated to polyarginine peptide could deliver siRNA to T cells and suppress HIV-1 infection in humanized mice. 3 Although this served as a convincing proof of principle that siRNA can be used for treating HIV infection, CD7 expression is confined to T cells only, which limits its usefulness for targeting other relevant HIVsusceptible cell types. We have recently shown that an antibodyprotamine fusion protein directed to the human lymphocyte function-associated antigen-1 (LFA-1), the predominant integrin present on all leukocytes, could selectively deliver siRNAs to multiple immune cell types, including T cells, macrophages, and dendritic cells that play key roles in HIV infection and pathogenesis. 6 Thus, LFA-1 integrin antibody could be harnessed as a versatile tool for RNAi-based therapy for HIV.
For actual clinical application, a more optimal delivery vehicle will have to be developed taking into consideration the siRNA payload capability, serum stability, and pharmaceutical scalability. To this end, liposomal nanoparticles are promising delivery vehicles for siRNA because of their nano-dimension, enhanced payload, and protection of encapsulated siRNA from external environments. In a previous study, we described a novel integrintargeted and stabilized nanoparticle (I-tsNP) formulation for siRNA delivery that uses neutral phospholipids to circumvent the potential toxicity common to cationic lipids and polymers used for systemic siRNA delivery. 7 Systemic delivery of siRNA to β7-integrin + leuko cytes by this strategy effectively blocked cyclin 7 Here, we have used this I-tsNP approach with an LFA-1 integrin-targeted antibody for delivery of anti-HIV siRNAs to human lymphocytes and monocytes. We silenced leukocytespecific HIV co-receptor CCR5 expression in the bone marrow liver thymic (BLT) mice, transplanted with human fetal hepatic CD34 + cells. The chemokine receptor CCR5 that functions as a co-receptor for macrophage-tropic strains of HIV is an attractive target for therapeutic ablation as its natural mutation is well tolerated and provides protection from HIV. 1, 3 Our data show that silencing CCR5 expression by nanoparticle (LFA-1 I-tsNPs)-mediated siRNA delivery protects mice from HIV challenge in vivo, suggesting that this could be developed as a novel intracellular immunization strategy for clinical application. results lFA-1-conjugated liposomal nanoparticles selectively deliver sirnAs to lFA-1-expressing human leukocytes We generated LFA-1 I-tsNP, surface-modified neutral liposomes with the size of ~100 nm and zeta potential of −9.2 mV (Figure 1a ) that efficiently bound to primary human lymphocytes independent of their activation status (Figure 1b) , which is important as lymphocyte activation is implicated in facilitating HIV infection. 3 To test whether we can use LFA-1-conjugated I-tsNPs to deliver siRNA to target cells to induce gene silencing, we transduced anti-CD4 siRNA (siCD4) into primary human CD3 + T cells using LFA-1 I-tsNPs. LFA-1 I-tsNP was able to transduce siCD4 and silence CD4 expression in vitro in a dose-dependent manner with efficiencies of nearly 95% in both resting and activated T cells (Figure 1c) . In contrast, treatment with siRNA alone or with a conventional transfection reagent PEI (polyethylenimine) showed negligible silencing effects (Figure 1d) as did graded concentrations of siCD4 encapsulated in isotype control mAbcoated nanoparticles (IgG-NPs) (Figure 1c) . To exclude the possibility that LFA-1-targeted nanoparticles should induce aberrant activation of lymphocytes, freshly isolated cord blood mononuclear cells (which are a stringent source of naive T cells) were incubated in the absence or presence of LFA-1 I-tsNP and stained with activation makers CD69 and CD25. Despite the efficient siRNA delivery with LFA-1 I-tsNPs, the binding of the immuno liposomes to the cells did not induce activation of the cells (Figure 1e) . However, the PHA (phytohemagglutinin)-stimulated positive control showed highly elevated expression of both activation markers. These results show, at least in the current experimental setting, that siRNA delivery with LFA-1 I-tsNP does not perturb the resting status of naive T cells. activated phenotype, the model precludes testing of siRNA delivery to naive/resting T cells. Thus, we also studied the ability of LFA-1 I-tsNP to silence gene expression in NOD/SCID/IL2rγ null BLT mice engrafted with human hematopoietic stem cells. In the BLT mouse model, human fetal liver and thymus tissue are surgically implanted under the kidney capsule to provide an optimal human microenvironment for systemic reconstitution of all major human hematopoietic lineages, including T, B, monocyte/macrophage, and dendritic cells, that are particularly relevant to HIV infection. In contrast to the PBL model, here the T cells are of a naive phenotype. A substantial reduction in CD4 expression was also observed in BLT mice treated with LFA-1 I-tsNP/siCD4 (Figure 2d ,e). The treatment did not change CD8 expression in either Hu-PBL or BLT mice, which proves that the silencing was specific to CD4. Thus, LFA-1 I-tsNP can deliver siRNA and mediate specific gene silencing in vivo not only in activated but also in naive and resting human T cells that are particularly refractory to nucleic acid uptake. lFA-1-conjugated liposomal nanoparticles selectively deliver sirnAs to lFA-1-expressing human leukocytes in vivo We tested the uptake of CCR5 siRNA (siCCR5) in various subsets of leukocytes isolated from BLT mice by real-time PCR, 24 hours after intravenous administration of LFA-1 I-tsNPs/siCCR5. siCCR5 was selectively detected in human T cells (CD3 + ), B cells (CD19 + ), and monocytes (CD14 + ), but not in mouse-derived CD45 + cells and brain cells that served as controls (Figure 3a) . Quantitative PCR analysis of immunomagnetically isolated peripheral blood mononuclear cell (PBMC) populations before treatment revealed CCR5 expression in CD14 + monocytes but not in T cells presumably because of their naive status. 8 Remarkably, a single intravenous dose of LFA-1 I-tsNPs/siCCR5 potently reduced CCR5 mRNA levels in CD14 + monocytes at 3 days after treatment, with the silencing lasting for at least 10 days as compared to siLuc-treated control mice (Figure 3b ). CCR5 expression was undetectable in CD14 − flow through in both control and test samples.
As liposomally encased siRNAs can potently stimulate both murine and human innate immune systems by engaging endosomally localized TLRs, 9 we measured induction of cellular mRNA levels of IFN-β (interferon-β) and the key interferon-responsive molecules 2′,5′-oligoadenylate synthetase (OAS1) and STAT1 (ref. 5) in PBMC after exposure to tsNP/siRNA complexes. In contrast to the known IFN inducer poly (I:C), siLuc-encapsulated tsNPs did not induce expression of any of the interferon-responsive genes indicating that the LFA-1 I-tsNP does not trigger nonspecific IFN responses (Figure 3c) . LFA-1 I-tsNP/siCCR5 also did not induce secretion of the inflammatory cytokine TNF-α (tumor necrosis factor-α) from PBMC in contrast to a known immunostimulatory siRNA (Figure 3d) , 10 indicating that this formulation can be evaluated for antiretroviral activity in an in vivo setting.
systemic delivery of lFA-1 I-tsnP/siccr5 complex protects Blt mice from HIV infection To directly evaluate protection from HIV infection, BLT mice were treated with siCCR5 complexed LFA-1 I-tsNPs and challenged with macrophage-tropic HIV BaL intraperitoneally as depicted (Figure 4a) . LFA-1 I-tsNPs mediated delivery of siCCR5 but not of the control siLuc prevented CD4 T-cell depletion and greatly reduced HIV viral load (Figure 4b-d) . As early as 11 days after infection, CD4 T-cell levels declined in control siLuc-treated mice, with CD3 + CD4 + T-cell percentages dropping to as low as 31% and CD3 + CD8 + percentages concomitantly increasing to over 58% (Figure 4b,d) . In contrast, CD4 T-cell levels were sustained up to 8 weeks tested after infection in LFA-1 I-tsNPs/siCCR5-treated mice (mean level 80%). The mean CD4 levels in the LFA-1 I-tsNPs/ siCCR5-treated mice were comparable to those in uninfected mice (Figure 4b,d) . Consistent with CD4 T-cell levels, plasma viral load was at least two log units lower in siCCR5-treated mice LFA-1-targeted siRNA Delivery (3.4 × 10 3 copies/ml plasma) as compared to siLuc-treated control mice (1.1 × 10 5 copies/ml plasma) (Figure 4c ) demonstrating that LFA-1 I-tsNP-mediated systemic delivery of siCCR5 could prevent HIV infection in BLT mice.
dIscussIon
Delivery to appropriate cells and tissues in vivo remains a major hurdle for harnessing the potent gene silencing ability of siRNA molecules for treating human diseases such as HIV infection. 3 Inducing RNAi in leukocytes, which are the prime targets of HIV, has been particularly challenging, as these cells are difficult to transduce even by conventional transfection methods. 7 In previous studies, we have used scFvs directed at LFA-1 present on all leukocytes or CD7 on T cells for siRNA delivery to immune cells by linking them to positively charged proteins/peptide that bind nucleic acids by charge interactions. 3, 5, 6 Compared to CD7 scFv that targets only T cells, scFv to LFA-1 provides a particularly versatile tool for RNAi-based therapy for HIV as it targets multiple immune cell types such as T cells, macrophages, and dendritic cells that play crucial roles in viral infection and pathogenesis. The novel immunoliposomal delivery platform that we have developed in this study improves upon LFA-1-directed siRNA delivery for therapeutic applications as it combines the same targeting advantage but with improved pharmacokinetics and high cargo capacity. Unlike cationic nanoparticles that can aggregate or get opsonized in the blood because of their excessive positive charge, tsNPs have a hyaluronan modification that confers a net neutral charge so that the blood circulation time is prolonged. 11 Moreover, the siRNA is well protected as it is encapsulated within the liposome and can be delivered at high concentrations to achieve therapeutic efficacy without unintended off-target effects in nonleukocyte populations that do not express LFA-1. Further, this formulation was not immunostimulatory or inflammatory in nature. In fact, we have successfully used this stabilized nanoparticle approach to target cyclin D1 siRNA to gut-homing leukocytes expressing the integrin β 7 (β 7 I-tsNPs) in a mouse model of gut inflammation, where a significant beneficial effect was achieved at a low dose of 2.5 mg/ kg (ref. 7) . Although this remains to be formally tested, liposomal packaging of siRNA should also reduce the amount of antibody required for targeting compared to approaches that we and others have used where the antibody is tagged to a positively charged peptide/protein that has to be used at high molar concentrations for siRNA binding. A direct head-to-head comparison of different siRNA delivery technologies will be required to clarify whether tsNPs do have a distinct advantage for use as a potential tool for therapeutic delivery of siRNA.
Although initial experimentation for evaluating silencing efficacy utilized the CD4 T-cell antigen as a target, these are more proof-of-principle studies considering the important role this molecule plays in immune function. A more attractive and therapeutically relevant target is the chemokine receptor CCR5 that functions as a co-receptor for most strains of HIV for entry into target cells (mostly activated T cells and macrophages) during the early stages of infection. Further, natural mutations in the CCR5 are well tolerated and provide protection from HIV. [12] [13] [14] Many novel experimental HIV drugs called entry inhibitors are being investigated to inhibit the utilization of CCR5 as a co-receptor by HIV-1 (refs. 15,16) . Conceptually, the delivery strategy can be expanded to target both cellular and viral genes important in HIV replication. However, for preventing new infection, targeting a host receptor for viral entry may be more useful as many studies indicate that the incoming viral genome may be protected from RNAi attack that allows it to undergo reverse transcription and integrate into the host genome. Further, the propensity of the virus to mutate its sequences also necessitates targeting highly conserved viral regions to prevent the emergence of RNAi escape mutants. On the other hand, given the virus' potential to shift its co-receptor usage, an optimal therapeutic approach may be to target simultaneously the host cellular receptor and multiple conserved viral sequences.
The LFA-1 I-tsNP was tested successfully in two different animal models (Hu-PBL mouse model and BLT mouse model) for HIV. The Hu-PBL mouse model, where adoptively transferred human T cells undergo a short-term expansion after xenogeneic stimulation and the BLT model, where human fetal liver and thymus implanted under the renal capsule provide an improved human microenvironment for systemic reconstitution of all major human hematopoietic lineages relevant to HIV infection, including T, B, monocyte/macrophage, and dendritic cells. Although the Hu-PBL model allowed us to demonstrate LFA-1 I-tsNP-induced silencing in activated human lymphocytes, it is unsuitable for testing siRNA delivery to resting T cells and monocyte/macrophages that are latent reservoirs of HIV and a major impediment to eliminating HIV from the body. 3 This limitation was overcome in the BLT mice engrafted with human hematopoietic stem cells. In contrast to T cells from Hu-PBL mice, which display a predominantly activated phenotype, the T cells in this model are predominantly naive unactivated (CD45RAhi, CCR7hi, CD62Lhi, CD27hi, and CCR5lo). 17 In BLT mice, the conformationinsensitive antibody to LFA-1 integrin (TS1/22) could induce potent gene silencing in all leukocytes independently of activation status. These findings overcome a critical barrier of in vivo delivery, significantly enhancing the prospect of siRNA-based therapeutics for HIV infection. In a therapeutic setting, it is important to deliver siRNA to uninfected naive and resting T cells to ensure that siRNA is present in cells at the time of activation when they become most vulnerable to infection and to protect them from infection. This is also important for suppressing viral resurgence from latently infected resting T cells harboring integrated provirus. 3 Thus, the control of HIV infection in BLT mice attests to the successful delivery to naive/resting T cells as well as monocytes that suggests that the strategy may be practical for clinical application.
After in vivo administration of anti-CCR5 siRNA encapsulated in LFA-1 I-tsNP, carrier-specific gene silencing in CD14 + monocytes was sustained for up to 10 days. Normal half-life for siRNAs in actively dividing cells in culture as well as in vivo can range from <1 week to as long as 10 days depending on the kinetics of target cell division. 18 Our previous study demonstrated a loss in silencing effects by about 3 days after initiating siRNA treatment in Hu-PBL mice that are repopulated predominantly by activated rapidly dividing T cells. However, in light of the fact that most T cells in the BLT humanized mouse model are of the resting/naive phenotype, and that nondividing cells like macrophages can harbor functional siRNAs for >3 weeks, 16 it is quite likely that knockdown effects in T cells can be sustained for extended periods of time in the BLT mouse model, and perhaps even in a physiological situation. Systemic delivery of siCCR5 was able to protect BLT mice from HIV challenge. Although both T cells and macrophages that express CCR5 are likely to contribute to viral load in this model, this has to be reconciled with our finding of undetectable CCR5 expression in freshly isolated peripheral blood T cells of BLT mice tested prior to siRNA treatment. One plausible explanation is that activated T cells that express CCR5 were present but in too few numbers to permit detection. As T cells are known to upregulate CCR5 expression after activation, the protection observed with LFA-1 I-tsNP-mediated siCCR5 delivery to naive T cells may reflect a prophylactic effect in blocking CCR5 expression when the cells become activated subsequently. In nonreplicating cells such as macrophages, siRNA is known to be retained over a long period of time. This allows sustained gene silencing and antiviral effects, which is important for a chronic infection such as HIV. 19 Although the durability of gene silencing is not comparable with gene therapy where CCR5 ablated progeny can be generated from engineered hematopoietic stem cells, at the current stage of development, the siRNA approach may be more practical in terms of the target hits that can be achieved. 3, 20, 21 Moreover, the use of siRNA as a drug provides the flexibility for changing target sequences to cope with HIV mutations and shift in co-receptor usage.
Despite the promising data with this leukocyte-targeted siRNA delivery method in small animal models and the apparently noninflammatory nature of this formulation, there are some considerations that need to be addressed for therapeutic application of the leukocyte-targeted siRNA delivery approach. LFA-1 antibody can block leukocyte adhesion and result in silencing of proinflammatory molecules with inhibition of LFA-1-mediated cell adhesion. 22 Therefore, the immunomodulatory effect of LFA-1-integrin binding by the antibody on HIV infection needs further study. 22 Use of nonfunction blocking LFA-1 mAb (e.g., TS2/4) could be considered to avoid the problem. In addition, anti-LFA-1 mAb is being tested in clinical trial for HIV infection, based on the hypothesis that LFA-1-mediated cytotoxic T lymphocyte killing of CD4 T cells might be involved in CD4 depletion. In this way, there is also a possibility that blocking LFA-1 might be partly beneficial for treating HIV infection. 23, 24 The possibility of generating immune responses to the antibody used as a delivery vehicle is also a concern that needs to be addressed. However, humanized antibodies can be used to reduce potential immunogenicity. Offtargeting effects of synthetic siRNA is also a concern, but this can be minimized by the judicious choice of siRNA sequences and by introducing asymmetry in their design to favor the uptake of the antisense strand into RNA-induced silencing complex. 25, 26 In summary, this study suggests that LFA-1-directed systemic delivery of siRNA is a promising strategy for the in vivo targeting of multiple immune cell types for potential RNAi-based HIV therapeutics.
MAterIAls And MetHods
siRNAs. siRNAs targeting firefly luciferase (siLuc), 27 the human T-cell receptor CD4 (ref. 4) , and co-receptor CCR5 were purchased from Dharmacon (Lafayette, CO). siRNA sequences were as follows: siLuc, 5′-UCGAAGUACUCAGCGUAAGdTdT-3′ (sense)/5′-CUUACGCUGAG UACUUCGAdTdT-3′ (antisense); siCD4, 5′-GAUCAAGAGACUCCUC AGUdTdT-3′ (sense)/5′-ACUGAGGAGUCUCUUGAUCdTdT-3′ (antisense); siCCR5, 5′-GUCAGUAUCAAUUCUGGAAdTdT-3′ (sense)/ 5′-UUCCAGAAUUGAUACUGACdTdT-3′ (antisense); siβgal, 5′-CUAC ACAAAUCAGCGAUUU-3′ (sense)/5′-AAAUCGCUGAUUUGUGUAG-3′ (antisense).
Preparation of I-tsNPs and siRNA entrapment. I-tsNPs were prepared and surface-modified with LFA-1 mAbs as described. 7 Briefly, multilamellar vesicle liposomes composed of soybean PC (phosphatidylcholine), DPPE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine), and Chol (cholesterol) at a molar ratio of 3:1:1 (all from Avanti Polar Lipids, Alabaster, AL) were prepared by a lipid-film method. 28 Resulting multilamellar vesicles were extruded into small unilamellar vesicles with an extrusion device (Lipex Thermobarrel Extruder System; Northern Lipids, Vancouver, British Columbia, Canada), and small unilamellar vesicles were surface-modified with high molecular weight HA (hyaluronan, molecular weight 751 kd, intrinsic viscosity 16 dl/g; Genzyme, Cambridge, MA) as described. 29 HA-modified small unilamellar vesicles (PC:Chol:DPPE; 25 mmol total lipid, 75 µg HA/µmol lipid) were coupled to mAbs [TS1/22 (against human integrin LFA-1) or isotype control (mouse IgG1)] using an amine-coupling method. Resulting I-tsNP and IgG-sNP were purified by using a size exclusion column and lyophilized using α1-2 LD plus lyophilizer (Christ, Osterode, Germany). To entrap siRNA in I-tsNPs, siRNA was mixed with full-length human recombinant protamine (Abnova, Taipei City, Taiwan) in a molar ratio of 1:5 (siRNA:protamine) and incubated for 30 minutes at room temperature to form protamine-condensed siRNA complexes. 6 For entrapment, lyophilized liposome nanoparticles (1-2.5 mg lipids) were rehydrated by adding 0.2 ml DEPC (diethylpyrocarbonate)-treated water containing protamine-condensed siRNAs (1-3.5 nmol). The entrapment procedure was performed immediately before use. Particle hydrodynamic diameter and zeta potential measurements. The diameter of the I-tsNPs was measured on a Malvern Zetasizer Nano ZS zeta potential and dynamic light scattering instrument (Malvern Instruments, Southborough, MA) using the automatic algorithm mode and analyzed with the PCS 1.32a. All measurements were done in 0.01 mol/l NaCl, pH 6.7, at room temperature. null ) mice at 6-10 weeks of age were purchased from the Jackson Laboratory (Bar Harbor, ME) and housed in a specific pathogen-free microisolator cage. Hu-PBL mice were generated as described previously. 12 In brief, 10 7 PBMCs freshly isolated from HIV-seronegative donors were injected intraperitoneally into NOD/ SCID/IL2rγ null mice. Cell engraftment was tested 3-5 days after transplantation by staining of the mouse PBMCs for human CD45 + , CD3 + , CD4 + , and CD8 + cells. For BLT mice, humanized mice preparation was performed as previously described. 30 Human fetal thymus and liver tissues of gestational age of 17-20 weeks were obtained from Advanced Bioscience Resources (Alameda, CA). Mice were conditioned with sublethal (2-3 Gy) whole-body irradiation. Human fetal thymus and liver fragments measuring about 1 mm 3 were then implanted under the recipient kidney capsule. After implantation, mice received CD34 + fetal liver cells (1-5 × 10 5 /mouse, intravenously) purified from the same donor on the day of human thymus/liver implantation. CD34 + fetal liver cells were isolated by the magnetic-activated cell sorter separation system using anti-CD34 microbeads (Miltenyi Biotec, Auburn, CA). Transplanted mice were tested for engraftment 12 weeks later as described above. Levels of human hematopoietic cells in the mice were determined by multicolor flow cytometric analysis using various mAbs: antihuman CD3, CD4, CD8, CD11c, CD19, and CD45; anti-mouse CD45; and isotype control mAbs (all purchased from BD Pharmingen, San Diego, CA). Flow cytometric analysis was performed on a FACSCalibur (Becton Dickinson, Mountain View, CA). Protocols involving the use of human tissues and animals were approved by the Institutional Review Board at the Immune Disease Institute.
